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Abstract 

Reactive oxygen species (ROS) are formed by myeloid cells as a defense strategy against microorganisms. ROS however also 
trigger poly(ADP-ribose) polymerase 1- (PARP-1) dependent cell death (parthanatos) in adjacent lymphocytes, which has 
been forwarded as a mechanism of immune escape in several forms of cancer. The present study assessed the role of 
mitogen-activated protein kinases (MAPKs), in particular the extracellular signal-regulated kinase (ERK), in ROS-induced 
signal transduction leading to lymphocyte parthanatos. We report that inhibitors of ERKl/2 phosphorylation upheld natural 
killer (NK) cell-mediated cytotoxicity under conditions of oxidative stress and rescued NK cells and CD8^ T lymphocytes from 
cell death induced by ROS-producing monocytes. ERKl/2 phosphorylation inhibition also protected lymphocytes from cell 
death induced by exogenous hydrogen peroxide (H2O2) and from ROS generated by xanthine oxidase or glucose oxidase. 
Phosphorylation of ERKl/2 was observed in lymphocytes shortly after exposure to ROS. ROS-generating myeloid cells and 
exogenous H2O2 triggered PARP 1 -dependent accumulation of poly ADP-ribose (PAR), which was prevented by ERK 
pathway inhibitors. ERKl/2 phosphorylation was induced by ROS independently of PARP-1 . Our findings are suggestive of a 
role for ERKl/2 in ROS-induced lymphocyte parthanatos, and that the ERK axis may provide a therapeutic target for the 
protection of lymphocytes against oxidative stress. 
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Introduction 

The nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase transfers electrons from NADPH to molecular oxygen to 
produce superoxide anion, which is the substrate for a wide range 
of reactive oxygen species (ROS) including hydrogen peroxide 
(H2O2) [1]. Superoxide anion and downstream ROS are produced 
in the phagosomes of several types of myeloid cells and contribute 
to the elimination of ingested microorganisms. However, the 
NADPH oxidase is also present in the plasma membrane, leading 
to extracellular release of ROS that may damage neighboring 
cells. In recent years, ROS have been ascribed a role as signaling 
molecules in immunity, based inter alia on the findings that 
lymphocyte effector cells such as natural killer (NK) and cytotoxic 
T cells undergo apoptosis-like cell death after encounter with 
ROS-producing myeloid cells [2-6]. 

The ROS-induced inactivation of lymphocytes has been 
implicated in the development of autoimmunity and in cancer- 
related immunosuppression. Myeloid ceU-derived ROS have been 
ascribed a protective role in autoimmunity by eliminating 
autoreactive T cells, thus preventing arthritis [7,8]. In addition, 
ROS produced by NADPH oxidase-expressing malignant myeloid 
cells [9,10] or by tumor-infiltrating macrophages [11-18] have 
been proposed to contribute to the state of NK cell and T cell 



dysfunction in several forms of cancer, which is the background to 
the use of ROS inhibitors in cancer immunotherapy [19-21]. 
Defining the intracellular signaling that transduces ROS-induced 
lymphocyte toxicity may therefore have therapeutic implications. 

Recent studies show that ROS-induced cell death in NK and T 
cells is initiated independently of caspases and instead involves the 
poly(ADP-ribose) polymerase- 1 (PARP-1) nuclear enzyme [4]. 
PARP- 1 is activated by the presence of nicked DNA leading to 
poly(ADP)-ribosylation of specific acceptor proteins, which recruits 
enzymes involved in DNA repair [22]. In addition to its role in 
DNA repair, however, excessive activation of PARP- 1 triggers cell 
death by the release of poly(ADP-ribose) (PAR) fragments into the 
cytoplasm, which in turn release apoptosis-inducing factor (AIF) 
from mitochondria followed by DNA fragmentation and apopto- 
sis-like cell death [23-26]. The PAR/ AIF pathway of cell death 
was recently termed parthanatos to distinguish it from caspase- 
dependent apoptosis, necrosis and other cell death pathways 
[27,28]. 

ROS are signaling molecules and activate multiple signal 
transduction pathways, including the phosphorylation cascades 
leading to the activation of mitogen-activated protein kinases 
(MAPKs) [29-31]. Based on structural differences, MAPKs 
encompass at least six subfamilies, among which the ERKl/2, 
JNK, and p38 kinase are the most extensively studied [32]. 
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Figure 1. Protection of lymphocytes from ROS-induced apo- 
ptosis by an ERK pathway inhibitor. MACS-purified human CD8*T 
cells or NK cells were preincubated with the ERK1/2 Inhibitor PD98059 
(25 |iM) (filled triangle) for 1 h at 37°C. The T cells and NK cells were 
then incubated overnight in the presence of PD98059 with H2O2 at 
indicated concentrations (A-B) or with ROS-producing monocytes (IVI0) 
at indicated M0:NK ratios (C-D). Lymphocyte viability was assessed 
using the Live/Dead Fixable Violet Dead Cell Stain kit. ERK inhibitor- 
equivalent concentrations of DIVISO were used as control (open square). 
Results obtained using DIVISO did not significantly differ from PBS. Data 
are the mean ± SEM of results obtained using blood from 3-7 donors. 
*P<0.05, **P<0.01 and ***P<0.001. 
doi:1 0.1 371/journal.pone.0089646.g001 

ERKl/2 is activated by MEKl/2, which is dovmstream of the 
Ras/Raf pathway and has been imphcated in mitogenesis, cell 
differentiation, and stress re.sponses [33]. While the specific role of 
ERK for ROS-induced lymphocyte cell death is not known, 
ERKl/2 has been implicated in preventing cell injury induced by 
oxidative stress in HeLa cells and fibroblasts [34,35]. In contrast 
ERK activation was reported to contribute to cell death induced 
by oxidants such as H2O2 in oligodendrocytes [36,37], mesangial 
cells [38], glioma cells [39], neuroectodermal cells [40], and 
gingival fibroblasts [41]. 

The present study sought to clarify the role of MAPKs, in 
particular their relation to the PARP-1 pathway, in the signal 
transduction leading to ROS-induced cell death in human 
lymphocytes. Our data are suggestive of a previously undefined 
molecular link between oxygen radicals, ERKl/2, and PARP-1 of 
relevance to lymphocyte parthanatos. 

Materials and Methods 

Ethics statement 

This study was performed on anonymized bufiy coats obtained 
from the blood bank at the Sahlgrenska University hospital, 
Gothenburg, Sweden. Since obtained results could not be traced 
back to a specific individual, ethical approval was not needed 
according to Swedish legislation (4§, SFS 2003:460). 
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Figure 2. Induction of phosphorylated ERK in ROS-exposed 
lymphocytes. PBMCs were treated with I-I2O2 (500 \iM) (filled circle) or 
PBS (open square) at 37°C and analyzed for pERK by flow cytometry at 
indicated time points. Graphs show the percentage of pERK-positive 
cells (A) and pERK MP! (B) in gated lymphocytes (mean ± SEM, results 
from 4-6 donors). (C) Lymphocytes were treated with 250 |J,M I-I2O2 (1- 
10 min), PBS (10 min) or 50 ng/ml PMA (40 min) at 37°C. pERK1/2 was 
detected in whole cell lysates by Western blot. Total ERKl/2 was 
measured as loading control in parallel wells. A representative blot of 3 
is shown. D. Inhibition of pERK formation by the ERKl/2 pathway 
inhibitor (PD98059, 25 iiM) in gated lymphocytes after exposure to 
500 \M I-I2O2 (10 min) shown as percent positive cells. E. Inhibition of 
pERK by PD98059 in NK ceils exposed to PMA-stimulated monocytes 
shown as percent positive cells. Panels D and E are the mean ± SEM of 
results obtained using 5 donors. *P<0.05, **P<0.01 and ***P<0.001. 
doi:1 0.1 371/journal.pone.0089646.g002 

Cell samples and isolation 

Leukocytes were obtained from freshly prepared acid citrate 
dextrose-containing leukopacks from healthy blood donors at the 
Blood Centre (Sahlgrenska University Hospital, Gothenburg, 
Sweden). The blood was either mixed with erjual volumes of 
phosphate-buffered saline (PBS) or, in some expc-riments, with 2% 
dextran followed by incubation for 15 minutes, to remove 
erythrocytes. The cell suspension or supernatant, respectively, 
were then carefully layered on top of a FicoU-Hypaque 
(Lymphoprep) densit)' gradient. After centrifugation at 850 for 
15 min, peripheral blood mononuclear cells (PBMCs) were 
collected at the interface [9]. PBMCs were washed and further 
separated into lymphocytes and monocytes using countercurrent 
centrifugal elutriation as described [2,42]. A fraction with >96% 
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Figure 3. Oxidant-induced poly ADP-ribose accumulation: role of the ERK pathway. (A-B) Lymphocytes were preincubated with or 
without the ERK1/2 Inhibitor PD98059 (25 |iM) or the PARP-1 Inhibitor PJ34 (2 |xM) for 1 hr at 37°C before exposure to 500 H2O2 for 20 mIn. PAR 
accumulation was analyzed In whole cell lysates. (A) Representative Western blot and (B) mean ± SEM of results from 4 donors (O.D., optical density). 
P-tubulln was utilized as loading control and H202-treated HELA cells served as positive controls. (C) Flow cytometry analysis of PAR accumulation 
following exposure to H2O2 (500 |ilVI, filled circle) or PBS (open square). (D) Inhibition of PAR formation In lymphocytes after preincubation with 
PD98059 (25 |xM) or PJ34 (2 (XIVl). PAR accumulation was measured after 20 min exposure to 500 |tM H2O2 by flow cytometry. Data are the MFI of PAR 
In gated lymphocytes (mean ± SEM of results obtained in 4-6 donors) *P<0.05, **P<0.01 and ***P<0.001). 
doi:1 0.1 371/journaLpone.0089646.g003 



monocytes (CD 14"*) was obtained along with fractions of enriched 
NK cells (CD3"56"^ phenotype) and T cells (CD3"^,56" pheno- 
type). In some experiments, 0014"*^ monocytes were negatively 
enriched from PBMCs using the MACS monocyte isolation kit II 
(Miltenyi Biotec, Germany) according to the instructions provided 
by the manufacturer. Notably, this method involves a step in 
which monocytes are incubated with an Fc-receptor blocking 
reagent. In these experiments, the purity of isolated monocytes 
exceeded 92%. 

NK cells and CDS'"" T cells were further enriched from the 
elutriated lymphocyte fractions or from PBMCs using the MACS 
NK and the MACS CD8"^ T cells negative isolation kits (Miltenyi 
Biotec) according to the manufacturer's instructions. Briefly, 
undesired cells were magnetically labeled and depleted using a 
cocktail of biotin-conjugated Abs and magnetic microbeads. The 
purity of isolated NK cells and CD8^ T cells were analyzed by flow 
cytometry using monoclonal antibodies to CDS, CDS and CD56. 
The purity of isolated cells exceeded 96%. Separated cells were 
resuspended in Iscoves' modified Dulbecco minimum essential 
medium (IDMEM) supplemented with 10% human AB^ serum. 
This medium was used in all experiments. 

Cell death 

Tlu- purified NK cells or CD8^ T cells were preincubated in 96- 
well plates with a MEKl/2 inhibitor (25 |lM PD98059, Merck, 
Darmstadt, Germany, 12.5 (tM AZD6244, Selleck Chemicals, 
Houston, TX or 1.6 |lM U()126, Sigma-Aldrich, St Louis, MO, 
USA), or DMSO (0,05 'K,, Sigma-Aldrich) for 1 hr at 37°C before 
overnight incubation with autologous monocytes or exogenous 
H2O2 (Sigma-Aldrich,). In some experiments, NK cells were 
preincubated with PD98059 (25 |t,M) followed by overnight 
incubation with H2O2 inducers such as xanthine (0.03- 
0.25 mM, Sigma-Aldrich) plus xanthine oxidase (100 mU/ml, 
Sigma-Aldrich) or glucose oxidase (1.25-5.0 mU/ml, Sigma- 
Aldrich). Xanthine oxidase converts exogenously added xanthine 
to uric acid and H2O2 [43] and glucose oxidase catalyses the 
oxidation of glucose present in IDMEM to gluconic acid with the 
formation of H2O2. After 16 hours, NK cells and CDB"^ T cells 
were harvested from the plates and analyzed using flow cytometry. 
Loss of structural integrity of the plasma membrane was 
determined by staining cells with Live/Dead fixable violet dead 



cell stain (Invitrogen, Carlsbad, CA, USA) for 20 min at 4°C. Cell 
death in NK cells and CDS"*" T cells was then assayed using a BD 
FACSAria III (BD Biosciences) equipped with BD FACS Diva 
version 6.1.3 software. Cell death was measured as the [XTcentage 
of the Live/Dead Fixable Violet positive cells and confirmed using 
the altered hght-scattering characteristics displayed by dead cells, 
i.e ., a reduced forward scatter and an increased side scatter signal 
[2]. PD98059 was initially dissolved in DMSO. The fmal 
concentration of DMSO in the tissue culture medium was 
0.05%, which did not alfect cell viability. 

ADCC assay 

NK cells were assayed for antibody-dependent cellular cytotox- 
icity (ADCC) against cells of the human B lymphoblastoid cell line 
721.221 (221) [44] coated widi anti-CD20 (rituximab, Roche, 
Basel, Switzerland). Purified NK cells were first preincubated with 
either PD98059 (25 ^M) or DMSO (0.05%) for 1 hour and 
subsequently co-incubated with autologous monocytes at mono- 
cyte:NK cell ratios of 0.25:1, 0.5:1 and 1:1 respectively. After 
16 hours, rituximab 10 |ig/ml and CFSE-labeled 221 cells were 
added at an eflector to target cell ratio of 1:1. After another four 
hours of incubation the plates were centrifuged at 500G for 
5 minutes, the supernatant discarded, and the cells stained with 
the Live/Dead Fixable Far Red Dead Cell Stain kit (Invitrogen, 
Carlsbad, USA). Cell death in target cells and NK cells was 
assessed using a BD LSRFortessa flow cytometer and BD FACS 
Diva software as described above. 

Measurement of ROS 

Potential non-specific effects of inhibitors on superoxide anion 
production by myeloid cells were determined using isoluminol- 
enhanced chemUuminescence as described elsewhere [45]. In 
brief, mononuclear myeloid cells were stimulated by jV-formyl- 
methionyl-leucyl-phenylalanine (fMLF, 0. 1 (tM) in Kreb's Ringer 
glucose bulfer (KRG) supplemented with isoluminol (10 |Ig/ml) 
and horseradish peroxidase (HRP, 4 U/ml), and light emission 
was recorded continuously in a six-channel Berthold Biolumat LB 
9505 (Berthold Technologies Co, Wildbad, Germany). Experi- 
ments were also performed in which myeloid cells and fMLF were 
replaced by xanthine /xanthine oxidase to determine the potential 
ability of inhibitors to neutraUze ROS [43,46]. In addition, the 
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Figure 4. Inhibition of ERK phospKiorylation in lymphocytes 
exposed to oxygen radicals by ERK pathway inhibitor but not 
by PARP inhibitor. PBMCs or NK cells were preincubated in presence 
or absence of ERK1/2 inhibitor PD98059 (25 ^ilVl) or PARP-1 inhibitor 
PJ34 (2 PlM) for 1 h at 37 C. (A) A Representative dot plots of pERK* NK 
cells after 10 min exposure to PMA-stimulated monocytes is shown. (B) 
Mean ± SEiVl of pERK positive cells in gated lymphocytes after 10 min 
exposure to H2O2. (C) IVIean ± SEM of pERK positive NK cells after 
10 min exposure to PIVlA-stimulated monocytes. B-C: mean ± SEIVl of 
4-6 experiments. *P<0.05, **P<0.01 and ***P<0.001. 
doi:1 0.1 371 /journal.pone.0089646.g004 

ability of inhibitors to consume hydrogen peroxide was deter- 
mined as described [5,45]. In brief, inhibitors were dUuted in 
KRG to concentrations used in cell death experiments and 
incubated with 50 |J.M H2O2 for 15 min. Catalase (200 U/ml) was 
used as positive control. The remaining H2O2 was determined 
fluorometrically by measurement of oxidation of p-hydroxyphenyl 
acetic acid (PHPA) (0.5 mg/ml) catalyzed by HRP (4 U/ml), using 
a Perkin-Elmer fluorescence spectrophotometer (LC50) (excita- 
tion, 320 nm; emission 400 nm). 



Measurement of phosphorylated ERK1/2 expression and 
PAR formation by flow cytometry 

Freshly isolated PBMCs were treated with H2O2 (500 |a,M), 
PMA (phorbol 12-myristate 13-acetate, Sigma-Aldrich) (50 ng/ml) 
or PBS at 37°C. In some experiments, PBMCs were pretreated 
with a MEKl/2 inhibitor (25 |a,M PD98059), a PARP-1 inhibitor 
(2 |XM PJ34, Sigma-Aldrich), DMSO (0.05%), or medium before 
exposure to H2O2 or PBS. In additional experiments, freshly 
isolated NK ceUs were pretreated with PD98059 (25 [iM), PJ34 
(2 M-M), DMSO (0.05%), or medium before exposure to mono- 
cytes in the presence or absence of PMA (50 nM) or PBS. The 
PBMCs and NK cells were then washed in cold PBS, fixed with 
cytofrx/ cytoperm (BD Biosciences, San Diego, CA) and resus- 
pended in ice-cold methanol (Sigma-Aldrich) (final concentration 
90%). After 10 min incubation on ice, the cells were washed m 
PBS with 5% BSA (Sigma Aldrich) and permeabUized with perm/ 
wash (BD) before staining with mouse anti-phospho ERK 1/2 
(pT202/pY204) mAb (BD) or mouse anti-poly ADP-ribose niAb 
(BD) followed by incubation with Alexa fluor-488-conjugated goat 
anti-mouse (Invitrogen) Ab. Cells were then washed and analyzed 
for PAR accumulation or phosphorylated ERKl/2 expression by 
flow cytometry. 

Western blot analysis of phosphorylated ERK1/2 
expression and PAR formation 

Freshly isolated lymphocytes were incubated with H2O2, PMA 
(50 ng/ml) or PBS at 37°C. In some experiments, lymphocytes 
were pretreated with a MEK inhibitor (25 |a.M PD98059), a PARP 
inhibitor (2 |a.M PJ34), DMSO (0.05%) or medium before 
exposure to H2O2 or PBS. To prepare lysates, stimulated cells 
were disrupted in RIPA buffer (Sigma-Aldrich) containing a 
protease inhibitor cocktail (Sigma Aldrich). The cell lysate was 
clarified by centrifugation at 8,000 xg for 10 min at 4°C to pellet 
cell debris. The protein concentration of the cell lysate was 
determined using the Pierce BCA protein assay kit (Pierce 
Biotechnology, Rockford). The lysate was then mixed with 
NuPAGE LDS sample buffer (Invitrogen) and NuPAGE sample 
reducing agent (Invitrogen), heated at 70°C for 10 min, and 
resolved on 4—12% NuPAGE Novex Bis-Tris precast gels 
(Invitrogen). Electrophoresis was conducted at 200 V for 50 mm 
and the proteins were transferred to nitrocellulose membranes 
using iBlot Gel Transfer Device (Invitrogen). The membranes 
were blocked with buffered saline containing detergent and 
Hammersten casein solution (Invitrogen), and then washed with 
PBS-Tween 20. For detection of phosphorylated ERK (p-ERK), 
membranes were incubated with rabbit anti phospho-ERK 1 / 2 Ab 
(Cell Signaling Technology, MA, USA) or rabbit total ERKl/2 
(Cell signaling technology) followed by incubation with a HRP- 
conjugated goat anti-rabbit Ab (DAKO). For PAR detection, 
membranes were incubated with mouse anti-poly ADP ribose 
mAb (BD) or mouse anti-P tubulin (Invitrogen) followed by 
incubation with a HRP-conjugated polyclonal rabbit anti-mouse 
Ab (Dako, Denmark). The signals were visualized using enhanced 
chemiluminescence (Chemi-Doc, Bio-Rad) with ImmunoStar 
HRP detection kit (Bio-Rad, Hercules, CA). The intensities of 
the bands were quantified using the NIH ImageJ [47] software. 

Statistical analysis 

One-way ANOVAs followed by Bonferroni's Multiple Com- 
parison Test were used when comparing multiple groups and the 
Paired T-Test for single comparisons. P values<0.05 were 
considered statistically significant. In figiares, asterisks are used as 
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Figure 5. Retained cytotoxicity of NK cells rescued from ROS induced cell death by an ERK1/2 inhibitor. NK cells were co-Incubated with 
monocytes at MoiNK ratios of 0.25:1, 0.5:1 and 1:1 overnight In the presence or absence of the ERK1/2 Inhibitor PD98059 (25 nM). Antl-CD20 
(rituximab) and CFSE-labeled 221 target cells were subsequently added at an effector to target cell ratio of 1:1 as per the NK cell count prior to 
Incubation. Lysis of 221 cells by ADCC was estimated In a 4 hour assay using the Live/Dead FIxable Far Red Dead Cell Stain kit and flow cytometry. 
Panel (A) shows contour density plots from a representative experiment displaying an Inverse relationship between NK cell and target cell viability. 
Panel (B) shows NK cell cytotoxicity (mean ± SEM) of seven donors using the lowest Mo:NK cell ratio In which PD98059 rescued NK cells from 
apoptosls. *P<0.05, **P<0.01 and ♦♦♦P<0.001. 
dol:1 0.1 371/journal.pone.0089646.g005 



foUows: *P<0.05, **P<0.01, ***P<0.001. All indicated p-values 
are two-sided. 

Results 

Role of ERK1/2 in oxygen radical-induced lymphocyte cell 
death 

We have previously reported that ROS-iiiduced death of 
human NK cells and T cells is mediated by the PARP- 1 / AIF axis 
[4], but details regarding signal transduction mechanisms 
upstream of DNA fragmentation and cell death have remained 
unknown. To elucidate the role of the ERK pathway for these 
ROS-induced events, lymphocytes were pretreated with inhibitors 
of the ERKl/2 pathway (PD98059), p38 (SB203580) or JNK 
(SP600125) before over-night exposure to H2O2. As shown in 
figure lA and IB, the MEKl/2 inhibitor PD98059, which inhibits 
phosphorylation of ERK 1/2, significandy protected CD8^ T cells 
and NK cells against H202-induced death. These results were 
confirmed with two other MEKl/2 inhibitors (AZD6244; 



Figure SIA-B and U0126; Figure SIC-D). SP600125 and 
SB203580 did not affect H202-induced lymphocyte death 
(Figure SIE-H). 

In additional experiments, oxidative stress was induced in NK 
cells using the glucose oxidase or xanthine oxidase systems, both of 
which generate superoxide anion and H2O2 at a continuous rate 
in the absence of ROS-producing cells [43,46]. In accordance with 
the results obtained with lymphocytes exposed to H2O2, inhibition 
of the ERK 1/2 pathway but not of JNK or p38 prevented cell 
death induced by ROS derived from xanthine oxidase or glucose 
oxidase (Figure SIG and IH and data not shown). 

Human mononuclear myeloid cells (monocytes) isolated from 
PBMC have been shown to induce parthaiiatos and down-regulate 
lymphocyte functions by producing and releasing NADPH 
oxidase-derived ROS [2,4]. As shown in figure IC-D, inhibition 
of the ERKl/2 pathway efficiently rescued autologous 008""" T 
cells and NK cells from monocyte-induced, ROS-dependent 
apoptosis. The striking protection against monocyte-derived ROS 
may in part be due an effect of ERK 1/2 on ROS or on ROS 
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formation by monocytes. To address this issue, we investigated 
whether the inhibitors affected ROS formation or neutralized 
ROS. These experiments showed that the ERKl/2 pathway 
inhibitors did not significantly affect formation of ROS from 
monocytes and displayed no significant scavenging activity of 
oxygen radicals generated by xanthine /xanthine oxidase or by 
glucose/glucose oxidase as determined by isoluminol-dependent 
chemUuminescence [45] (Figure S2 and data not shown). Collec- 
tively, these data suggest that the protective effect of ERK pathway 
inhibitors against monocyte-induced cell death in lymphocytes is 
due to inhibition of the cell death pathway in the lymphocytes, but 
a non-ROS-related effect on monocytes cannot be formally 
excluded. 

H2O2 and monocyte cell-derived ROS activate ERK1/2 in 
lymphocytes 

To confirm that the observed protection against ROS-induced 
apoptosis was related to ERK activation, we determined the 
presence of phosphorylated ERK (pERK) in ROS-exposed 
lymphocytes. In these experiments H202-treated lymphocytes 
were fixed, pc-rmcabilized, and analyzed for pERK by flow 
cytometry as described [48] . Figure 2 shows the induction of p- 
ERKl/2 after ROS exposure with peak activity at approximately 
10 min. At each time point a smaU fraction of lymphocytes stained 
positively for p-ERK, reflecting the transient nature of ERK 
phosphorylation induced by oxygen radicals in lymphocytes 
(Figure 2 A), along with an increase in the intensity of p-ERK 1/ 
2 on a per cell basis (mean fluorescence intensity, MFI) (Figure 2B). 
Similar results were obtained using Western blot to detect p- 
ERKl/2 in lymphocytes exposed to HgOg as described [48] 
(Figure 2C). Phosphorylation of ERKl/2 at 10 min after exposure 
to H2O2 was completely inhibited by a ERK pathway (MEKl/2) 
inhibitor as shown by the percentage of p-ERKl/2 positive cells 
(Figure 2D) of gated lymphocytes. To clarify whether these events 
were induced also by a ROS-producing cell, purified NK cells 
were incubated with autologous monocytes in the presence of the 
NADPH oxidase- activator PMA, which triggers extensive ROS 
release from monocytes [49]. A robust phosphorydation of ERKl/ 
2 was observed in NK cells 10 min after exposure to the PMA- 
stimulated monocytes (Figure 2E). The phosphorylation of ERKl/ 
2 in response to monocyte-derived ROS was completely abrogated 
by the ERK pathway inhibitor PD98059 (Figure 2E). 

Inhibition of the ERKl/2 pathway blocks PAR formation 
In lymphocytes exposed to H2O2 

In a next series of experiments we aimed to clarify a putative 
link between the ERK and PARP-1 pathways. Lymphocytes were 
exposed to H2O2 and the formation of PAR was determined in the 
presence or absence of an ERKl/2 pathway inhibitor or a PARP- 
1 inhibitor. As shown in figure 3A and 3B, H2O2 induced 
accumulation of PAR in lymphocytes as determined by immuno- 
blotting. The PAR accumulation was prevented by PJ34 and by 
PD98059. Similar results were obtained with intracellular staining 
of PAR in lymphocytes using flow cytometry (Figure 3C-D). 

ERKl/2 activation is upstream of PARP-1 in oxidant- 
induced lymphocyte parthanatos 

To clarify whether PARP-1 activation triggers ERK phosphor- 
ylation, lymphocytes were preincubated with PJ34, exposed to 
H2O2 and assayed for ERKl/2 activation by flow cytometry. An 
ERK pathway inhibitor strongly reduced phosphorylation of 
ERKl/2 in the response to H2O2 whereas the PARP-1 inhibitor 
was ineffective (Figure 4B and Figure S3). Similar results, Le. no 



PARP 1 -dependent effect on ERK phosphorylation, were 
observed when NK cells were preincubated with PJ34 prior to 
exposure to ROS-producing myeloid cells (10 min exposure to 
PMA-stimulated monocytes; Figure 4A and 4C). Notably, ERK 
phosphorylation in T cells and NK cells by PMA alone (in the 
absence of monocytes and H2O2) was not detected until after 
30 min (not shown) when ERK phosphorylation induced by ROS 
had returned to the background level (Figure 2A-B). 

NK cells rescued from oxidative stress by ERK-pathway 
inhibitors are functional 

To investigate whether ERK inhibition of NK ceUs by PD98059 
maintained their functionality after exposure to suppressive 
myeloid cells, human NK cells were; co-cultured over night with 
monocytes in the presence or absence of PD98059 and 
subsequently assayed for ADCC against the 22 1 B-lymphoblastoid 
cell Kne. In agreement with earlier studies [50,51], monocytes, by 
producing ROS, strongly reduced NK ceU cytotoxicity. PD98059 
did not affect the ADCC of purified NK cells but significantly 
upheld NK cell-mediated ADCC in the presence of ROS- 
producing monocytes (Fig. 5). Similar results were obtained after 
exposing NK cells to H2O2 instead of monocytes, (p<0,05, data 
not shown). Exposure of NK cells to PD98059 did not enhance 
their ability to induce ADCC, and monocytes did not mediate 
ADCC against 221 cells under these conditions (Figure S4). 

Discussion 

The main findings in this study were that ROS trigger 
activation of ERKl/2 MAP kinases and that inhibition of the 
ERK pathway rescues NK cells and T cells from PARP 1- 
dependent cell death (parthanatos) induced by ROS formed by 
autologous mononuclear myeloid cells, from ROS generated via 
xanthine or glucose oxidase and from exogenous ROS (H2O2). 
The results thus imply that in human NK cells and T cells, ROS 
trigger ERK phosphorylation through the MEK signaling 
pathway, which contributes to parthanatic cell death. 

Our study also aimed to dcfnu; the interplay between ERKl/2 
and PARP-1 in the signal transduction leading to parthanatos. 
PARP-1 is normally involved in DNA strand repair by covalently 
attaching polymers of PAR to nuclear target proteins, which 
results in recruitment and activation of DNA repair systems 
[22,52]. Upon extensive PARP-1 activation, however, the levels of 
PAR can transiently increase 10-500-fold [27,53], which may 
result in cell death since PAR polymers then translocate from the 
nucleus to the cytosol with ensuing mitochondrial AIF release and 
nuclear DNA fragmentation [27]. In accordance with a mode of 
parthanatic cell death and in agreement with the results of 
previous report [15], we observed a robust accumulation of PAR 
in lymphocytes following exposure to H2O2. ERKl/2 inhibition of 
lymphocytes exposed to ROS blocked PAR formation and rescued 
these cells from PARP 1 -induced death. In contrast, PARP-1 
inhibition did not affect ROS-induced ERKl/2 activation, 
implying that ERKl/2 is upstream of PARP-1 in ROS-induced 
lymphocyte parthanatos. 

Our results challenge the view that ROS-induced parthanatos is 
a result of massive DNA damage [27]. In addition to causing DNA 
damage, ROS play important roles in cell signaling [54,55]. For 
example, ROS are known to trigger ERK activation by multiple 
mechanisms including the activation of upstream receptors, 
activation of RAS, and inhibition of protein phosphatases 
(reviewed in [56]. Our data suggest a signaling role for H2O2 
and monocyte-derived ROS, leading to activation of the ERK 
pathway and subsequent PARP-1 activation. In our study, at each 
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time point after ROS exposure, only a small number of 
lymphocytes were positive for p-ERK, suggesting that only a 
transient activation of p-ERK is needed to activate PARP-1. 
However, MAP kinases have multiple roles and in other studies, 
ERK 1/2 has been ascribed a role in cell survival [34,35]. Thus, 
factors such as the timing and magnitude of the activation, and 
input from other signaling pathways may all influence whether 
ERK 1/2 activation promotes cell survival or triggers cell death. 
The purported link between ERK and PARP-1 that we suggest 
here is in line with a previous report showing that phosphorylated 
ERK ( an ;u ti\ ate PARP-1 in the absence of damaged DNA in a 
cell-free system [57]. 

In summary, our findings highlight the proposed involvement of 
ROS in cell signaling [54,55] and the Unk between ERK and 
PARP-1. The results may be of relevance for several forms of 
cancer, where ROS have been implicated in lymphocyte 
dysfunction [58]. For example, malignant ROS-producing mye- 
loid cells from patients with acute and chronic myeloid leukemia 
(AML and CML) were recently reported to induce parthanatos in 
NK cells [10,59,60], which was suggested to contribute to the 
impaired lymphocyte fimction in these diseases. In addition, ROS 
produced by tumor-infiltrating mononuclear myeloid cells have 
been shown to contribute to lymphocyte dysfunction in several 
forms of solid cancer [61]. Strategies to protect anti-cancer 
lymphocytes from inactivation by ROS may therefore be useful in 
cancer immunotherapies that aim to improve NK cell and T cell 
functions, as exemplified by the recent introduction of a ROS 
formation inhibitor, used in conjunction with the NK cell and T 
cell activating cytokine interleukin-2, for relapse prevention in 
AML [19,21]. In the present study we show that NK cells rescued 
from monocyte ROS-induced cell death by ERKl/2 inhibition 
retain their capacity to kill lymphoblastoid target cells. Taken 
together, our results identify the ERK1/2/PARP-1 axis as an 
additional potential therapeutic target for the preservation of 
lymphocyte function in cancer immunotherapy. Inhibiting PARP- 
1 for protection of lymphocytes against oxidative stress inflicted by, 
e.g., ROS-producing malignant myeloid cells is likely to be limited 
by the critical role of PARP-1 in DNA-repair. ERKl/2 may thus 
be a more conceivable target by avoiding detrimental effects on 
DNA integrity. 

Supporting Information 

Figure SI Lymphocyte parthanatos and MEK inhibi- 
tion. Purified human CD8+ T cells (A, C, E, G and I) or NK 
cells (B, D, F, H and J) were preincubated with the MEK 1/2 
inhibitor AZD6244 (12.5 [iM) (filled triangle) (A-B), MEKl/2 
inhibitor U0126 (1.6 [iM) (filled triangle) (C-D), JNK inhibitor 
SP600125 (25 |tM) (filled triangle) (E-F), the p38 inhibitor 
SB203580 (25 (tM) (filled triangle) (G-H) or equivalent concen- 
tration of DMSO (Ctrl, 0.05%, open square) for 1 h at 37°C. Cells 
were then incubated overnight with H2O2 at indicated concen- 
trations. Lymphocyte viability was determined using Live/Dead 
Fixable Violet Dead Cell Stain kit. Data shown are the mean ± 
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SEM of 4—7 experiments. Panels I and J show NK cell 
parthanatos, in presence or absence of PD98059, induced by 
continuously released H2O2, generated by xanthine and glucose 
degradation respectively (mean ± SEM of 5-6 experiments). *P< 
0.05, **P<0.01 and ***P<0.001. 
(TIFF) 

Figure S2 ROS scavenging properties of MAP kinase 
inhibitors and a PARP-1 inhibitor, (A) The scavenging effect 
of PD98059 on H2O2 generated by xanthine oxidase (A) or 
exogenously added H2O2 (50 \lM) was measured in a cell free 
system. Briefly, (A) xanthine oxidase (10 mU/ml) was allowed to 
degrade xanthine for 4 minutes in the presence of PBS, DMSO or 
PD98059. Remaining H2O2 was measured as chemiluminescence 
by luminol excitation as described in Materials and Methods. (B) 
PD98059 (25 ^M), PJ34 (2 |lM) or catalase (200 U/ml) were 
incubated with H2O2 (50 |J,M). After 30 min remaining H2O2 was 
assessed as oxidized PHPA, which becomes fluorescent after 
oxidation. Oxidized PHPA was measured at excitation 320 nm 
and emission 400 nm using a Perkin-Elmer fluorescence spectro- 
photometer (LC50). (C) The efiect of PD98059 on monocyte ROS 
production was investigated utilizing the luminol system described 
above. In brief, 5x10^ monocytes/ ml were incubated with luminol 
and HRP in the presence or absence of PD98059 or DMSO. ROS 
production was stimulated with jV-formyl-methionyl-leucyl-phe- 
nylalanine (flVILF, 0.1 |aM) or PMA (50 nM) and the chemilumi- 
nescence measured continuously over 5 or 20 min respectively. 
Bars show peak values. A-C. Data shown are mean ± SEM of 3 
experiments. 
(TIF) 

Figure S3 Increase in MFI in lymphocytes after expo- 
sure to H2O2. The effect of ERKl/2 pathway inhibitor 
PD98059 and PARP-1 inhibitor PJ34 on pERK MFI in gated 
lymphocytes after 10 min exposure to H2O2 (500 [J-M). ***P< 
0.001. 
(TIF) 

Figure S4 NK cells, but not monocytes, trigger ritux- 
imab-mediated PD98059 insensitive ADCC against 221 

cells. 221 cells were incubated for 4 hours with rituximab (10 Hg/ 
ml) and NK cells or monocytes at an E:T ratio of 2:1, in the 
presence of either PD98059 (25 \lM) or DMSO (0,05%) as control 
(n = 2). 
(TIF) 

Aclcnowledgments 

We tltaiik Ulla Ciingsjo, Jenny Hendel and Marie-Louise Landelius for 
excellent technical assistance. 

Autlior Contributions 

Conceived and designed the experiments: AAA KH FBT. Performed the 
experiments: AAA OWJA CM. Analyzed the data: AAA OWJA CM AM 
KH FBT. Wrote the paper: AAA OWJA CM AM KH FBT. 



4. Thoren FB, Romero AI, HeUstrand K (2006) Oxygen radicals induce poly(ADP- 
ribose) polymerase-dependent cell death in cytotoxic lymphocytes. J Immunol 
176: 7301-7307. 

5. Thoren FB, Betten A, Romero AI, Hellstrand K (2007) Cutting edge: 
Antioxidative properties of myeloid dendritic cells: protection of T cells and 
NK cells from oxygen radical-induced inactivation and apoptosis. J Immunol 

179: 2i-25. 

6. Martner A, Aurelius J, Rydstrom A, Hellstrand K, Thoren I-'B (2011) Redox 
remodeling by dendritic cells protects antigen-spcciiic T cells against oxidative 
stress. J Immunol 187: 6243-6248. 



PLOS ONE I www.plosone.org 



7 



February 2014 | Volume 9 | Issue 2 | e89646 



Erkl/2 in ROS-lnduced Lymphocyte Death 



7. Olofsson P, HolmbcrgJ, TordssonJ, Lu S, Akcrstrom B, ct al. (2003) Positional 
identification of Ncfl as a gene that regulates arthritis severity in rats. Nat Genet 
33: 25-32. 

8. Hultqvist M, Olofsson P, Holmberg J, Backstrom BT, TordssonJ, et al. (2004) 
Enhanced autoimmunity, arthritis, and encephalomyelitis in mice with a 
reduced oxidative burst due to a mutation in the Ncfl gene. Proc Nad Acad 
Sci U S A 101: 12646-12651. 

9. Mellqvist UH, Hansson M, Brune M, Dahlgren C, Hermodsson S, et al. (2000) 
Natural killer cell dysfunction and apoptosis induced by chronic myelogenous 
leukemia cells: role of reactive oxygen species and regulation by histamine. Blood 
96: 1961-1968. 

10. AureHus J, Thoren FB, Akhiani AA, Brune M, Palmqvist L, et al. (2012) 
Monocytic AML cells inactivate antileukemic lymphocytes: role of NADPH 
oxidase/gp9 1 (phox) expression and the PARP-l/PAR pathway of apoptosis. 
Blood 119: 5832-5837. 

11. Kono K, Ressing ME, Brandt RM, Melief CJ, Potkul RK, et al. (1996) 
Decreased expression of signal-transducing zeta chain in peripheral T cells and 
natural killer cells in patients with cervical cancer. Clin Cancer Res 2: 1825- 
1828. 

12. Rabinowich H, Banks M, Reichert TE, Logan T¥, Kirkwood JM, et al. (1996) 
Expression and activity of signaling molecules in T lymphocytes obtained from 
patients with metastatic melanoma before and after interleukin 2 therapy. Clin 
Cancer Res 2: 1263-1274. 

13. Healy CO, Simons JW, Carducci MA, DeWeese TL, Bartkowski M, et al. (1998) 
Impaired expression and function of signal-transducing zeta chains in peripheral 
1' cells and natural killer cells in patients with prostate cancer. Cytometry 32: 
109-119. 

14. Buggins AG, Hirst WJ, Pagliuca A, Mufti GJ (1998) Variable expression ofCD3- 
zeta and associated protein tyrosine kinases in lymphocyrcs from patients with 
myeloid malignancies. BrJ Haematol 100: 784—792. 

15. HeUstrand K (2003) Melanoma immunotherapy: a battle against radicals? 
Trends Immunol 24: 232-233; author reply 234. 

16. Kiesshng R, Wasserman K, Horiguchi S, Kono K, Sjobcrg J, ct al. (1999) 
Tumor-induced immune dysfunction. Cancer Immunol Immunother 48: 353- 
362. 

17. Schmielau J, Nalesnik MA, Finn OJ (2001) Suppressed T-cell receptor zeta 
chain expression and cytokine production in pancreatic cancer patients. Clin 
Cancer Res 7: 933s-939s. 

18. Otsuji M, Kimura Y, Aoe T, Okamoto Y, Saito T (1996) Oxidative stress by 
tumor-derived macrophages suppresses the expression of CD3 zeta chain of T- 
cell receptor complex and antigen-specific T-cell responses. Proc Nad Acad 
SciUSA93: 13119-13124. 

19. Martner A, Thoren FB, Aurelius J, Soderholm J, Brune M, et al. (2010) 
Immunotherapy with histamine dihydrochloride for the prevention of relapse in 
acute myeloid leukemia. Expert Rev Hematol 3: 381—391. 

20. Romero Al, Thoren FB, Aurelius J, Askarieh (}, Brune M, et al. (2009) Post- 
consolidation immunotherapy with histamine dihydrochloride and interlcukin-2 
in AML. ScandJ Immunol 70: 194-205. 

21. Brune M, Castaigne S, Catalano J, Gehlsen K, Ho AD, et al. (2006) Improved 
leukemia-free survival after postconsolidation immunotherapy with histamine 
dihydrochloride and interleukin-2 in acute myeloid leukemia: results of a 
randomized phase 3 trial. Blood 108: 88-96. 

22. Bouchard VJ, Rouleau M, Poirier GG (2003) PARP-1, a determinant of ceU 
survival in response to DNA damage. Exp Hematol 31: 446 454. 

23. Eliasson MJ, Sampei K, Mandir AS, Hurn PD, Tra>stman Rj, ct al. (1997) 
Poly(ADP-ribose) polymerase gene disruption renders mice resistant to cerebral 
ischemia. Nat Med 3: 1089-1095. 

24. Yu SW, Wang H, Dawson TM, Dawson VL (2003) Poly(ADP-ribose) 
polvinerase-1 and apoptosis inducing factor in neurotoxicity. Neurobiol Dis 
14:'303-317. 

25. Alano CC, Ying W, Swanson RA (2004) Poly(ADP-ribose) polymcrase-1- 
mediated cell death in astrocytes requires NAD-I- depletion and mitochondrial 
permeability transition. J Biol Chem 279: 18895-18902. 

26. Yu SW, Andrabi SA, Wang H, Kim NS, Poirier GG, et al. (2006) Apoptosis- 
inducing factor mediates poly(ADP-ribose) (PAR) polymer- induced cell death. 
Proc Natl Acad Sci U S A 103: 18314-18319. 

27. Wang Y, Dawson VL, Dawson TM (2009) Poly(ADP-ribosc) signals to 
mitochondrial AlF: a key event in parthanatos. Exp Neurol 218: 193—202. 

28. Galluzzi L, Vitale 1, Abrams JM, Alnemri ES, Baehrecke EH, et al. (2012) 
Molecular definitions of cell death subroutines: recommendations of the 
Nomenclature Committee on CeU Death 2012. CeU Death Differ 19: 107-120. 

29. Waskiewicz AJ, Cooper JA (1995) Mitogen and stress response pathways: MAP 
kinase cascades and phosphatase regulation in mammals and yeast. Curr Opin 
Cell Biol 7: 798-805. 

30. Robinson MJ, Cobb MH (1997) Mitogen-activated protein kinase pathways. 
Curr Opin Cell Biol 9: 180-186. 

3 1 . Obata T, Brown (jE, Yaffe MB (2000) MAP kinase pathways activated by stress: 
the p38 MAPK pathway. Grit Care Med 28: N67-77. 

32. Dong C, Davis RJ, Flavell RA (2002) MAP kinases in the immune response. 
Annu Rev Immunol 20: 55-72. 

33. Ramos JW (2008) The regulation of extraceUular signEil-regulated kinase (ERK) 
in mammaUan ceUs. Int J Biochem CeU Biol 40: 2707-2719. 



34. Guyton KZ, Liu Y, Gorospe M, Xu Q, Holbrook N) (1996) Activation of 
mitogen-activated protein kinase by H202. Role in cell survival following 
oxidant injury. J Biol Chem 271: 4138-4142. 

35. Wang X, Martindale JL, Liu Y, Holbrook NJ (1998) The cellular response to 
oxidative stress: influences of mitogen-activated protein kinase signaUing 
pathways on cell survival. Biochem J 333 (Pt 2): 291-300. 

36. Bhat NR, Zhang P ( 1 999) Hydrogen peroxide activation of multiple mitogen- 
activated protein kinases in an oligodendrocyte cell line: role of extracellular 
signal-regulated kinase in hydrogen peroxide-induced cell death. J Neurochem 
72: 112-119. 

37. Brand A, Gil S, Seger R, Yavin E (2001) Lipid constituents in oligodendroglial 
ceUs alter susceptibility to H202-induced apoptotic ceU death via ERK 
activation. J Neurochem 76: 910-918. 

38. Ishikawa Y, Kitamura M (2000) Anti-apoptotic effect of quercetin: intervention 
in the JNK- and ERK-mediated apoptotic pathways. Kidney Int 58: 1078-1087. 

39. Lee WC, Choi CH, Cha SH, Oh HE, Kim YK (2005) Role of ERK in hydrogen 
peroxide-induced ceU death of human gUoma ceUs. Neurochem Res 30: 263- 
270. 

40. Ma C, Bower KA, Chen G, Shi X, Kc ZJ, ct a!. (2008) Interaction between 
ERK and GSK3beta mediates basic fibroblast growth factor-induced apoptosis 
in SK-N-MC neuroblastoma ceUs. J Biol Chem 283: 9248-9256. 

41. Gutierrez- Venegas G, Arreguin-Cano JA, Arroyo-Cruz R, ViUeda-Navarro M, 
Mendcz-Mcjia JA (2010) Activation of ERKl/2 by protein kinase C-alpha in 
response to hydrogen peroxide-induced ceU death in human gingival fibroblasts. 
Toxicol In Vitro 24: 319-326. 

42. Romero Al, Thoren EB, Brune M, HeUstrand K (2006) NKp46 and NKG2D 
receptor expression in NK cells with CD56dim and CD56bright phenotype: 
regulation by histamine and reactive oxygen species. BrJ Haematol 132: 91—98. 

43. Fatokun AA, Stone TW, Smith RA (2007) Hydrogen peroxide mediates damage 
by xanthine and xanthine oxidase in cerebeUar granule neuronal cultures. 
Neurosci Lett 416: 34-38. 

44. Shimizu Y, DcMars R (1989) Production of human cells expressing individual 
transferred HLi\-A,-B,-C genes using an HLA-A,-B,-C nuU human ceU line. 
J Immunol 142: 3320-3328. 

45. Dahlgren C, Karlsson A (1999) Respiratory burst in human neutrophils. 
J Immunol Methods 232: 3-14. 

46. Oh P-S, Lim K-T (2008) Protective activity of 30 kDa phytoglycoprotein from 
glucose/ glucose oxidase -induced ceU death in primary cultured mouse 
thymocytes. Environmental Toxicology and Pharmacology 25: 114—120. 

47. Abramoff MD, MageUiaes PJ, Ram SJ (2004) Image Processing with ImageJ. 
Biophotonics International 11: 36—42. 

48. Kondadasula SV, Varker KA, Lesinski GB, Benson DM Jr, Lehman A, et al. 
(2008) Activation of extracellular signaling regulated kinase in natural killer cells 
and monocytes following lL-2 stimulalifiii in \ ili n and in palients undergoing IL- 
2 immunotherapy: analysis via dual parameter flow-eytometric assay. Cancer 
Immunol Immunother 57: 1137-1149. 

49. Karlsson A, Nixon JB, McPhail LC (2000) Phorbol myristate acetate induces 
neutrophU NADPH-oxidasc activity by two separate signal transduction 
pathways: dependent or independent of phosphatidylinositol 3-kinase. J Leukoc 
Biol 67: 396-404. 

50. HeUstrand K, Asca A, Dahlgren C, Hermodsson S (1994) Histaminergic 
regulation of NK cells. Role of monocyte-dcrivcd reactive oxygen metabolites. 
J Immunol 153: 4940-4947. 

51. HeUstrand K, Asea A, Hermodsson S (1994) Histaminergic regulation of 
antibody-dependent ( ellular cytotoxicity of granulocytes, monocytes, and 
natural kUler cells. J Leukoc Biol 55: 392-397. 

52. Durkacz BW, Omidiji O, Gray DA, ShaU S (1980) (ADP-ribose)n participates in 
DNA excision repair. Nature 283: 593-596. 

53. Alvarez-Gonzalez R, Althaus FR (1989) Poly(ADP-ribose) cataboHsm in 
mammalian cells exposed to DNA-damaging agents. Mutat Res 218: 67—74. 

54. Reth M (2002) Hydrogen peroxide as second messenger in lymphocyte 
activation. Nat Immunol 3: 1129-1134. 

55. Rhee SG (2006) Cell signaling. H202, a necessary evil for ceU signaling. Science 
312: 1882-1883. 

56. McCubrey JA, Lahair MM, Franldin RA (2006) Reactive oxygen species- 
induced activation of the MAP kinase signaling pathways. Antioxid Redox 
Signal 8: 1775-1789. 

57. Cohen-Armon M, Visochek L, Rozensal D, Kalal A, GcistrUdi I, et al. (2007) 
DNA-indepcndent PARP-1 activation by phosphorylated ERK2 increases Elkl 
activity: a link to histone aeetylation. Mol CeU 25: 297-308. 

58. Gabrilovich Dl, Ostrand-Roscnberg S, Bronte V (2012) Coordinated regulation 
of myeloid ceUs by tumours. Nat Rev Immunol 12: 253—268. 

59. Aurehus J, Martner A, Brune M, Palmqvist L, Hansson M, et al. (2012) 
Remission maintenance in acute myeloid leukemia: impact of fiinctional 
histamine H2 receptors expressed by leukemic ceUs. Haematologica 97: 1904— 
1908. 

60. Aurelius J, Martner A. Riise RE, Romero Al, Palmqvist L, ct al. (2013) Chronic 
myeloid leukemic cell^ trigger poly(ADP-ribose) polymerasc-dcpendent inacti- 
vation and cell death in Ivmphocytes. J Leukoc Biol 93: 155-160. 

61. Kono K, Salazar-Onfray E, Petcrsson M, HanssonJ, Masucci (i, et al. (1996) 
Hydrogen peroxide secreted by tumor-derived macrophages down-modulates 
signal-transducing zeta molecules and inhibits tumor-specific T ceU-and natural 
kiUer ceU-mediated cytotoxicity. Eur J Immunol 26: 1308-1313. 



PLCS ONE I www.plosone.org 



8 



February 2014 | Volume 9 | Issue 2 | e89646 



